As a part of Alzheimer's disease (AD) development, the mammalian target of rapamycin (mTOR) has been reported to play a crucial role in regulating cognition and can be used as a neuronal marker. Neuro-inflammation is also a cause of the pathophysiological process in AD. Thus, we examined the protein expression levels of mTOR and its downstream pathways as well as pro-inflammatory cytokines (PICs) in the brain of AD rats. We further examined the effects of blocking mTOR on PICs, namely IL-1β, IL-6 and TNF-α. Our results showed that the protein expression of p-mTOR, mTOR-mediated phosphorylation of 4E-binding protein 4 (4E-BP1) and p70 ribosomal S6 protein kinase 1 (S6K1) pathways were amplified in the hippocampus of AD rats compared with controls. Blocking mTOR by using rapamycin selectively enhanced activities of IL-6 and TNF-α signaling pathways, which was accompanied with an increase of Caspase-3, indicating cellular apoptosis and worsened learning performance. In conclusion, our data for the first time revealed specific signaling pathways engaged in the development of AD, including a regulatory role by the activation of mTOR in PIC mechanisms. Stimulation of mTOR is likely to play a beneficial role in modulating neurological deficits in AD. Targeting one or more of these signaling molecules may present with new opportunities for treatment and clinical management of AD. Continuous infusion of 10 mg/kg of Aβ 1-42 into the right ventricle was maintained for two weeks by attachment of an infusion kit to an osmotic mini-pump (Alzet 1002; Alzet, DURECT Inc., Cupertino, CA, USA) [9] . Infusion of aCSF served as a control. Likewise, a pump implanted into the left ventricle was loaded with rapamycin, an inhibitor of mTOR. Rapamycin was delivered at 0.25 μl per hour (Alzet Model 1002, a total of 500 μg of rapamycin was given for two weeks). Accordingly, the rats were divided into three groups: sham control (group 1 -sham control; n = 15); AD rats (group 2; n = 20) and AD rats with infusion of rapamycin (group 3; n=18).
Introduction
Alzheimer's disease (AD) is a chronic neurodegenerative disease that usually starts slowly and gets worse over time [1, 2] . The cause of Alzheimer's disease is poorly understood [1, 2] . Nevertheless, neurodegeneration is the main pathological mechanism of cognitive impairments in AD.
Emerging evidence has suggested that the mammalian target of rapamycin (mTOR)-dependent signaling is involved in the neurodegeneration of AD brains [3] .
mTOR is a serine threonine protein kinase.
There are two distinct mTOR forms of protein complexes, mTOR complex 1 (mTORC1) and mTORC2. In general, mTORC1 is composed of raptor, mLST8 and mTOR, and is known to be involved in the gate translation of most proteins by phosphorylation of specific downstream effectors including, p70 ribosomal S6 protein kinase (p70 S6Ks) and 4E-BPs [4, 5] . mTOR, S6K1
and 4E-BP1 are expressed in the mammalian nervous system, particularly in the brain [4, 5] .
mTORC1 is more sensitive to rapamycin than mTOR and its activation leads to promotion of the phosphorylation of downstream effectors, such p70 S6K1 and this further governs mRNA translation [5] . There is compelling evidence that supports the notion that mTOR plays an important role in the modulation of long-term neuronal plasticity in addition to its well-known roles in protein synthesis regulation and growth [4, 6] . Specifically, mTOR and its downstream effectors have been identified in the brain and their modulation contribute to the cognitive impairments in AD [3] .
It should be noted that the role of mTOR activation in neurodegenerative diseases, especially in AD, seems to be very complex [3] . mTOR is mainly a trophic and protective kinase for neurons but could also be activated sometimes during the progress of neuronal apoptosis. Similarly, an mTOR inhibitor was reported to be a pro-apoptotic agent, but could alleviate the pathological consequences in neurodegenerative diseases. mTOR is also implicated in the molecular mechanisms of learning and memory [7] that are impaired in AD.
Thus, we hypothesized that mTOR and its downstream signals in the hippocampus are upregulated in AD rats. This leads to amplified levels of pro-inflammatory cytokines (PICs) including interleukins IL-1β
and IL-6, tumor necrosis factor α (TNF-α) and caspase-3 as indicators of neuronal apoptosis given that cerebral PICs are engaged in the pathophysiological process of AD. We further hypothesized that blocking mTOR signal pathways alters PICs and caspase-3 in the hippocampus of AD rats, thereby leading to changes of memory performance in AD rats. Accordingly, the rats were divided into three groups: sham control (group 1 -sham control; n = 15); AD rats (group 2; n = 20) and AD rats with infusion of rapamycin (group 3; n=18).
Materials and methods

Animals
Spontaneous alternation performance
Spatial working memory performance was assessed on the fourth and eighth week after by others [9, 10] , in our present study Aβ was infused unilaterally via the ICV. It is noted that we did not observe significant differences in expression of mTOR and its downstream pathways between the right and left sides of the CA1 region in our preliminary experiments.
Thus, in the present report we collected all CA1
samples from the right side of CA1 region for measurements.
Western blot analysis
All the tissues from individual rats were sampled for the analysis. In brief, the hippocampus of the rats was removed. Total protein was then extracted by homogenizing the hippocampus sample in ice-cold immunoprecipitation assay buffer with a protease inhibitor cocktail kit. The lysates were centrifuged and the supernatants were collected for measurements of protein concentrations using a bicinchoninic acid assay reagent kit. 
ELISA methods
The levels of PICs were examined using an and TNF-α galactosidase. Then, the plates were washed and incubated with substrate solution. After incubation, the optical density was measured using an ELISA reader.
Statistical analysis
The data to compare control rats and AD rats were analyzed using a student's t-test. The data to compare control rats, AD rats and AD rats with rapamycin were analyzed using oneway ANOVA with multiple comparisons. Values are presented as means ± standard deviation.
For all analyses, differences were considered significant at P < 0.05. All statistical analyses were performed by using SPSS for Windows version 13.0 (SPSS Inc., Chicago, IL, USA).
Results
Expression of mTOR pathways Figure 1 demonstrates the protein expression of p-mTOR, p-S6K1 and p-4E-BP1 as well as mTOR, S6K1 and 4E-BP1 in control rats and AD rats. The protein levels of p-mTOR and mTOR-mediated p-S6K1 and p-4E-BP1 were significantly increased in the hippocampal tissues of AD rats as compared with control rats (P < 0.05, n = 6-10 in each group). There were no significant differences observed in total protein of mTOR, S6K1 and 4E-BP1 between both groups. Nonetheless, the ratio of p-mTOR, p-S6K1 and p-4E-BP1 levels vs. total protein of mTOR, S6K1 and 4E-BP1 levels was also significantly increased in AD rats.
Levels of PICs and caspase-3 rats vs. control rats (n = 6-10). There were no significantly differences in total protein of mTOR, S6K1 and 4E-BP1 between two groups. B. The ratio of p-mTOR, p-S6K1 and p-4E-BP1 levels vs. mTOR, S6K1 and 4E-BP1 levels was significantly increased in AD rats, respectively. *P < 0.05 vs. control rats. C. representative typical bands.
infused with rapamycin, 17.8 ± 3.9, respectively (P > 0.05 among three groups). Then, spatial working memory performance was assessed by recording spontaneous alternation performance. Figure 3 demonstrates that the percentage of spontaneous alternation was impaired in AD rats as compared with control rats. A decrease of spontaneous alternation was greater at the eighth week after Aβ 1-42 infusion than at the fourth week after its infusion. i.e., the percentage of spontaneous alternation in control rats with ICV infusion of aCSF was 75 ± 13%; and 63 ± 10% (P < 0.05 vs. control rats) and 53 ± 9% (P < 0.05 vs. control rats) in rats with infusion of Aβ 1-42 at the fourth week and at the eighth week, respectively. In addition, blocking mTOR decreased the percentage of spontaneous alternation in AD rats and this appeared to be greater at the fourth week.
They were 39 ± 6% at the fourth week (P < 0.05
vs.AD rat without rapamycin) and 43 ± 9% at the eighth week (P < 0.05 vs. AD rat without rapamycin).
Discussion
A number of animal models have been used to study AD [11] . Among them, administering a solution containing the human form of Aβ via ICV route into a rat brain is generally used [9, 12] . Aβ 1-42 was chosen because of its superior aggregating properties and because it was thought to constitute the nucleus of any amyloid plaque formation [11] . In addition, oxidative species are generated either from, but not restricted to, neuro-inflammation, mitochondria respiratory chain impairment [13, 14] or from a direct effect of the amyloid peptide [15] . In this animal model, behavioral tests including spontaneous alternation performance and water maze task appeared abnormal [9, 12] . Thus, this rat model was [17, 18] , data of our present study also demonstrated that expression of mTOR and its downstream signal is increased and cognitive function is impaired in AD rats induced by Aβ . In those prior reports [17, 18] , blocking mTOR using rapamycin can attenuate the levels of endogenous Aβ and indeed alleviate AD symptoms. In contrast, our data suggest that rapamycin can worsen cognitive function in rats injected with Aβ 1-42 . Several differences were noticed in our study and those prior reports. First, a rat model of Aβ-induced AD was used in our study; whereas transgenic 3xTg-AD mice were used in their report. Second, rats were 3-4 months old and mice were 6 months old or older. Third, we administered rapamycin via ICV (a total 500 µg for two weeks); whereas they gave rapamycin orally (2.24 mg/kg in a microencapsulated form for ten weeks) [17] . The size of rapamycin dosage can affect neuronal activity and neurological functions differently. It has been reported that acute administration of a low dose of rapamycin adulterates neuronal activity in rats which contribute to the development of neurological behavior such as cognitive functions [19] , raising a question of how rapamycin can alter neurological functions. Taken together, the different effects of rapamycin on cognitive functions observed in our study and others' reports could be due to dosages of rapamycin and their administration pathways, animal species and ages. Moreover, the relationship between Aβ and mTOR is more complex [20] , i.e.,
Aβ itself can increase mTOR activity, whereas a long-term inhibition of mTOR by rapamycin can decrease Aβ and improve cognitive functions [17, 21] . An important difference is that in our rat model exogenous Aβ was given and this is likely to lead to upregulation of mTOR linked to cognitive function. In those rats, PICs were also increased in the hippocampus. It has been reported that there is an interaction between PICs activation and mTOR signal pathway [22] . It has also been reported that mTOR can positively regulate IL-6 and TNF-α and negatively regulate other PICs [23, 24] . In our study, we observed that rapamycin amplified the expression of IL-6
and TNF-α. It should be noted that increases in PICs are also found in the hippocampus of other AD animal models [25] . It is assumed that rapamycin may play a role in regulating the negative feedback loops emanating from the PIC signaling pathway. Although it still needs more mechanistic evidence to support this possibility, this raises an issue of how rapamycin influences neuronal activity and neurological functions [19] .
Nonetheless, it needs be acknowledged that there are some study limitations in our present report. Those include that we did not determine the effects of rapamycin on cognitive function in normal rats, and that we did not determine if rapamycin can affect the endogenous levels of Aβ linked to cognitive function since we injected Aβ via ICV. Additional studies need to clarify the remaining issues.
Cell signaling through mTOR is regulated by cellular energy level as well as by mitogens and nutrients [26] . As a main modulator of cell growth and proliferation, mTOR controls the efficiency of protein translation within cells via its downstream targets. These translation regulators include the eukaryotic initiation factor 4E-BP1 and p70-S6K. Although neurons are finally differentiated, the size of the neuronal cell soma in diseased conditions is regulated by mTOR [27] . Additional studies indicate a role for mTOR in the physiological processes of neuronal development as well as in the neuropathological processes of different brain diseases [7, 28] .
Also, p-S6K appears especially in neurons that are predicted to develop neurofibrillary tangles (NFTs) at later stages [29] . By indirect enzymelinked immunosorbent assay, p-S6K studies showed significant increases in homogenates of the medial temporal cortex from AD patients as compared to control brains. In the same set of tissues from AD and control cases, a dramatic increase in p-mTOR and p-4E-BP1 was found in AD brains [30, 31] . The increase of mTOR-dependent signaling was positively and significantly correlated with development of AD. Thus, it is speculated that continuous One may consider that IL-6 and TNF-α become transcribed and translated from the very beginning after the activating signal, whereas IL-1β becomes produced first as an inactive pro-form and then is released as its mature and secreted form following the activating signal [34] [35] [36] . We presume that mTOR activated during development of AD affects different signaling pathways in the cellular nucleus and cytoplasm in regulating PICs.
Caspases, a family of thiol proteases, are activated during the neurodegenerative process of AD and play an important regulating role in the apoptotic cascade [37, 38] . A feature of caspases in the cell is that they exist as zymogens, termed pro-caspases, which are inactive until a biochemical change causes their activation [39] . The processing of pro-caspase-3
to its active form is considered a key processing point in the death-signaling cascade. As an executioner caspase, the pro-caspase-3 becomes active until it is cleaved by an initiator caspase after apoptotic signaling events have occurred [40] . However, the zymogen feature of caspase-3 is necessary because if unregulated, caspase activity would kill cells indiscriminately [41] . It has been reported that caspase-3 is a predominant target involved in PIC-mediated apoptosis in neuronal cells during Aβ 1-42 -induced memory impairment [42] . Thus, in the current study, we also determined the protein expression levels of a cleaved form caspase-3 in the hippocampal tissues as an indicator of cellular apoptosis. We found that caspase-3 is increased in the hippocampus of AD rats. pathological changes such as cell death [33] .
Our data also showed that inhibition of mTOR increases upregulation of IL-6 and TNF-α in AD rats, but not IL-1β. This also worsens the learning performance observed in AD rats.
Overall, we suggest that mTOR activity in the brain is likely to contribute to the tissue damage selectively via IL-6 and TNF-α signaling pathway during development of AD and this leads to neurological deficits.
In conclusion, we have provided evidence that the levels of mTOR as well as IL-1β, IL-6
and TNF-α are amplified in the hippocampus
